Abstract. Simulation of forming of metastable austenitic stainless steels requires evolution equations for martensite formation due to plastic straining as a part of the constitutive model. The material properties may then be estimated based on phase composition and the properties of the individual phases. This study is part of a work where different models for this phase transformation as well as the plastic deformation behavior of the material are evaluated.
INTRODUCTION
This is a part of a project aiming at developing and implementing constitutive models for forming simulations of a metastable austenitic stainless steel. Martensite will form in the material (HyTensX) due to strain induced martensite transformation (SIMT). This changes the material properties significantly and must therefore be included in a constitutive model applicable for forming simulations.
Different models are evaluated and compared with results from tensile test for HyTensX at three different initial temperatures. The stress, total strain, martensite fraction and the temperature are logged during the experiments.
STRAIN INDUCED MARTENSITE FORMATION
HyTensX is a metastable austenitic stainless steel that can form martensite under certain conditions. Spontaneous martensite formation occurs when the temperature sinks below the M s -temperature. The Koistinen-Marburger [1] equation is usually applied for this case. The transformation is called stressassisted for temperatures above M s and starts on the same sites responsible for spontaneous cooling transformation. This is sometimes modelled by including the effect of stress on the M s -temperature [2] [3] [4] . The strain-induced martensite transformation is active at even higher temperatures. The martensite nucleates at new sites at intersection of shear bands created by the plastic deformation [5] but also mechanical twins can be nucleation sites [6] . It is believed [7, 8] that ε-martensite forms first at stacking faults of γ phase. Thereafter α´-martensite is formed at shear band intersections. It is also likely that ε-martensite transforms into α´-martensite at larger strains. The latter is magnetic and is measured during the tests. No martensite can form at all if the temperature is above M d . The three ranges of martensite formation are summarised in Reference [9] .
The current work focuses on strain induced martensite formation (SIMT).
It is assumed that only two phases coexist in the material. They are austenite (γ) and martensite (M) and their respective fractions are related as
and their rates are
The previous work [10] in the same project at Outokumpu Stainless AB used a model taken from Hänsel et al. [11] for SIMT. The model, based on [12] , can be written as
where A, B, C, D, Q, and p are parameters to be determined. p ε & is the rate of the effective plastic strain and T is temperature in Kelvin. One condition is that
or else the rate will be infinite large when X M =0. They [10] measured the initial martensite fraction to be 0.8%, which is also used as initial fraction in the current study.
Olson and Cohen [13] proposed a more physical based model for SIMT that is used in the current study. They assumed that the nucleation of martensite may occur at the intersection of shear bands and that there is a probability function that relates the fraction of shear bands to martensite formation. Stringfellow et al. [14] extended this model by including stress into the probability function. The model was further developed by Tanaka and Iwamoto [12, [15] [16] [17] [18] [19] [20] . The amount of shear band formation is related to plastic strain by
where X sb is the volume fraction of shear bands, α is a factor dependent on the stacking fault energy (SFE) and p γ ε is the effective plastic strain in austenite. The factor α is assumed to depend on temperature and stress state as
where the temperature, T, is given in Kelvin and the triaxiality factor is constant for the used uniaxial test
There is then a probability, p, that shear band intersections form martensite embryos. The probability function is defined as
where the driving force is
The final equation for the martensite formation becomes
with (11) ( sb n sb
where n is a geometrical constant of value 4.5, η is another geometrical factor. The Heaviside function, (12) due to the irreversibility of the martensite formation process. Thus Eq.s (5) and (6) are used in order to compute the fraction of shear band and thereafter Eq. (10) together with Eq.s (7, (11) (12) are used to compute the martensite formation. The last term in Eq. (10) is negligible in this study.
MECHANICAL PROPERTIES OF TWO-PHASE MATERIAL
Simple mixture rules are used to compute the elastic modulus, thermal expansion and plastic properties. Two different models for computing the hardening behavior of the two phase material are compared.
Young's modulus, from Tomita & Shibutani [21] , is computed as
with ( ) 100 273 25700 215700
and ( ) 100 273 25800 237300
The thermal dilatation, from Iwamoto [22] , is computed as The shift between the curves in Eq.s (17) and (18) corresponds to the difference in specific volume between the two phases.
Hänsel et al. [11] used the Hocket-Sherby approximation for austenite hardening and assumed a constant difference in yield limit between austenite and martensite flow yield limits. Schedin et al. [10] used the model for HyTensX. They added a temperature term and used They also added a small term to the effective plastic strain in order to avoid infinite hardening modulus at initial yielding in the case n<1. The macro effective plastic strain, p ε , is used in this model. [15] and other studies by the same group used the flow stress relations given below. The model was extended to include effect of grain size on austenite hardening in [23] .
Tomita and Iwamoto
[ ] for martensite. d is the austenite grain size and d 0 a reference value was 59µm. These are finally combined to a macro yield stress in a nonlinear way based on an "energetic" criterion [12, 24] to determine the distribution of strain between the two phases.
The current work evaluates the Hocket-Sherby expression, Eq. (19) , and also Eq.s (20) and (21) . A linear mixture rule is combined with the latter equations. The yield stress of the mixture of two phases is computed by
The distribution of the plastic strain between the two phases is obtained by assuming [9] that
and
The yield stress at the beginning of each time step is used in Eq. (23) in order to improve convergence in the stress computation algorithm described below.
PARAMETER OPTIMISATION
The data for the SIMT model and the plastic properties were determined with by a developed toolbox in Matlab [25, 26] . The SIMT parameters of the model defined by Eq.s (5-12) were determined first by matching computed and measured martensite content for the three test temperatures simultaneously. Thereafter, the plastic properties were determined by matching computed and measured stresses for all tests simultaneously. This was done both for the model in Eq. (19) and for the model defined by Eq.s (20) (21) (22) (23) (24) .
The coupling from plastic strain to microstructure and thereby to the material properties affects the numerical implementation of the radial return method [27, 28] . Newton iterations are used to find the plastic strain increment that fulfills the consistency condition. This requires the evaluation of A similar derivation is needed to compute the consistent tangent to be used in implicit finite element codes using the Newton-Raphson method for solving the nonlinear system of equations in the time stepping process. This was not needed in [10] as an explicit formulation was used in the forming simulation.
Eq. (25) includes some additional terms as the Young's modulus and the thermal dilatation depend on the plastic strain. The yield stress also has an additional hardening term due to the martensite formation. The relations for the uniaxial case are given below. The effective stress and plastic strains are written as σ σ σ 1 1 ) (
The stresses at the end of an increment can be written as 
DISCUSSIONS
The model for strain induced martensite formation by Olson and Cohen [13] has been found to work well for the three test cases studied. The effect of grain size could not be estimated as it was not known from the experiments.
The model for plastic properties used by Tomita and Iwamoto [15] gives a better match with measurements than the Hocket-Sherby model. There exist several other alternatives for the plastic properties of the phases and how to combine them. The thermal dilatation and Young's modulus were taken as given although they are uncertain. However, it is preferable to determine them from other types of tests than those used in this paper.
